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Purpose: Diagnostic positron emission tomography and computed tomography (PET/CT) images can be fused to
the planning CT images by a deformable image registration (DIR). The aim of this study was to evaluate the
standardized uptake value (SUV) and target delineation on deformed PET images.

Methods: We used a cylindrical phantom and removable inserts of four spheres (16-38 mm in diameter) and
three ellipsoids with a volume equal to the 38-mm-diameter sphere (S38) in each. 838 was filled with 18F-
fluorodeoxyglucose activity, and then PET/CT images were acquired. The contours of 538 were generated using
original PET images by PET auto-segmentation (PET-AS) methods of (1) SUV2.5, (2) 40% of maximum SUV
(SUV40%max), and (3) gradient-based (GB), and were deformed to the other inserts by DIR. We compared the
volumes and the SUV,,.x with the generated contours using the deformed PET images.

Results: The SUV,,.x was slightly decreased by DIR; the mean absolute difference was —0.10 * 0.04. For
SUV2.5 and SUV40%max, the differences in $S38 volumes between the original and deformed PET images were
less than 5%, regardless of deformation type. For the GB, the contoured volumes obtained from deformed PET
images were larger than those of the original PET images for the deformation type of ellipsoids. When the S38
was deformed to the 16-mm-diameter sphere, the maximum volume difference was —22.8%.

Conclusions: Although SUV fluctuations by DIR were negligible, the target delineation on deformed PET images

by the GB should be carefully considered owing to the distortion of intensity profiles.

1. Introduction

Positron emission tomography and computed tomography (PET/
CT)-guided radiation treatment planning can improve the accuracy of
tumor delineation [1] and reduce inter-observer variability [2]. More-
over, the American Association of Physicists in Medicine Task Group
211 (AAPM TG211) [3] has reported a large variety of PET auto-seg-
mentation (PET-AS) methods to assist with definitive a gross tumor
volume (GTV) delineation. Fixed threshold algorithms are based on a
standardized uptake value (SUV) and the absolute threshold or the
percentage of maximum SUV is used in the target delineation [4,5].
Several researchers [6,7] reported that the appropriate threshold values
depend on the target size and target-to-background (T/B) ratio. In ad-
dition, advanced PET-AS algorithms has been developed and are more

accurate than threshold algorithms [8-10]. Gradient-based method
(GB) contours the tumor by the intensity profiles at the target border
[11]. However, the quality of segmentation depends on the accuracy of
the gradient information [3]. Moreover, machine learning technology
has been used to improve the robustness and repeatability of the PET-
AS methods in the current study [12,13].

In recent years, diagnostic PET/CT images obtained in a non-
treatment position could be incorporated into radiation treatment
planning by applying a deformable image registration (DIR) [14-19].
The DIR is performed between the CT components of PET/CT images
and planning CT image, and then the PET images are automatically co-
registered using the same registration vector as the one used for the CT
images [15].

However, the use of DIR to combine diagnostic PET/CT images with
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Fig. 1. A cylindrical phantom with seven removable inserts was used in this study. (a) Three ellipsoids (A-C) with volumes equal to the $38 and four spheres
(838-516) with diameters of 38 mm, 27 mm, 20 mm, and 16 mm, respectively. (b) Insertion of S38 attached to the cylindrical phantom.

planning CT images has not been consistently validated for radiation
treatment planning, specifically, deformed PET images have not been
used to assess a SUV and target delineation [20-23]. In a previous
study, only the contours generated by the PET-AS using original PET
images were deformed because the voxel values on PET images can
change due to the deformation and interpolation effects [20,24].

We simulated target deformations using phantoms with various
shapes and volumes, and investigated the difference in maximum SUV
(SUVax) of the FDG-avid region before and after DIR. Moreover, we
compared the contour generated by the PET-AS method using the de-
formed PET images with the generated contour before DIR, validated
the accuracy and consistency of target delineation in various de-
formation types and slice thicknesses of PET/CT images.

2. Materials and methods
2.1. Phantom object

Fig. 1 shows a cylindrical phantom and seven types of removable
inserts (Kobe Itoi Factory Inc, Japan) that were used in this study. The
removable inserts were composed of three ellipsoids (type A-C) and
four spheres of different diameters (S38-S16). The ellipsoid inserts
were custom-made for this study, corresponding to the volume of a 38-
mm-diameter sphere (28.7 mL). The diameters of type A in the lateral,
vertical, and longitudinal directions were 31, 31, and 57 mm, respec-
tively, whereas those of type B and C were 28, 28, and 70 mm and 50,
50, and 22 mm, respectively. The diameters of types S38, 527, 520, and
$16 were 38, 27, 20, and 16 mm, respectively.

2.2, PET/CT acquisition

The insert of 538 was defined as original PET/CT images and de-
formed to the other inserts. The cylindrical phantom was filled with an
8F.fluorodeoxyglucose (FDG) background with the concentration of
860 Bq/mL. The insert of S38 was attached to the cylindrical phantom
and was filled with a mixture of FDG and iodine contrast agent to
achieve T/B ratios of 5, 10, and 15. The iodine contrast agent was used
to improve the accuracy of CT-CT registration.

We used a Biograph mCT 64-slice scanner (Siemens Medical
Solutions, Erlangen, Germany) with a transverse field of view (FOV) of
70 cm, and an axial FOV of 21.6 cm. PET data were acquired in the
three-dimensional list mode for 10 min.

PET scan parameters were bed position, 1; scan time, 600 s; FOV,
700 mm; and matrix size, 256 x 256 with 3.18 mm pixels.
Reconstruction parameters were 3D-OSEM with point-spread function
and time-of-flight (2 iterations and 21 subsets), and a Gaussian filter
with a full width at half maximum of 5 mm.

CT scan parameters included the following: scanning mode, helical;
tube voltage, 120 kV; tube current, 50 mA; rotation time, 0.5 s; helical
pitch, 0.8; FOV, 500 mm; and matrix size, 512 x 512 with 0.98 mm
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pixels. The slice thickness of PET/CT acquired was 2, 5, and 7 mm.

2.3. Planning CT acquisition

The inserts of A-C and $27-516 were filled only with iodine contrast
agent on the assumption that the target was deformed. Each insert was
attached one by one to the cylindrical phantom, and planning CT
images were acquired on Aquilion LB (Canon Medical Systems Corp.,
Tokyo, Japan) with a slice thickness of 2 mm. Scan parameters included
the following: scanning mode, helical; tube voltage, 120 kV; tube cur-
rent, auto mA (max 420 mA); rotation time, 0.5 s; helical pitch, 0.94;
FOV, 500 mm; and matrix size, 512 x 512 with 0.98 mm pixels.

2.4. Deformable image registration

Fig. 2 shows the flow chart of the creation of deformed PET/CT
images and the experiments. The PET/CT and planning CT image data
were transferred to MIMmaestro Ver. 6.4 (MIM Software Inc, Cleveland,
OH, USA). The insert of S38 was deformed to the other inserts on
planning CT image by DIR. First, rigid image registration was per-
formed between CT components of the PET/CT and planning CT
images, and the DIR was subsequently performed over the entire image.
The DIR algorithm with MIM is an intensity-based free-form deforma-
tion algorithm with essentially limitless degrees of freedom, which was

PET/CT Planning CT
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Difference in SUV

Deformed PET/CT
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Experiment 2
Accuracy of target delineation using deformed PET image

Fig. 2. Flow chart of the creation of deformed PET/CT images and the ex-
periments. The DIR was performed between the CT images of S38 and the CT
images of the other inserts. Next, the deformed PET images were created by
applying the deformation vector field of CT-CT registration to the PET images.
Experiment 1 measured the difference in SUV between the original PET images
and deformed PET images (type A-C and S27-516). Experiment 2 compared the
accuracy of target delineation using the deformed PET image (type A-C and
5$27-516) with the contour generated before DIR.



H. Katayama, et al.

(a) (b)
ML o = -—— ~ .‘_,.---- ., » —— X
5 / \ & g ’ \
SIOENe)
-. \ / i> : i /
: '-n...--"‘. \'\ — 2 ""--...-- & \"- — 2
A
i 1 DIR
_ SUVige SUVmax
Original PET Deformed PET

Fig. 3. (a) The PET images of the $38 and (b) deformed PET images applied to
the insert of A, The SUVax and SUVpg were obtained from the VOI of the
dashed line and dotted line.

previously evaluated [20,25]. Finally, deformed PET images were cre-
ated by applying the deformation vector field (DVF) of CT-CT regis-
tration to PET images because the PET/CT image pairs are in the same
DICOM frame of reference [22]. The interpolation process of PET
images was performed only at the final step.

2.5. SUV measurement of original PET and deformed PET images
(Experiment 1)

Fig. 3 shows S38 on the original PET and of the deformed PET
images. The SUV ., was established by drawing the volume of interest
(VOI, 8 cm in diameter) encompassing the target, To assess the SUV in
the background regions, the VOI was placed into the relevant back-
ground structure at a safe distance from the target, and the mean SUV
was defined as SUVpg. We measured the SUV ., and SUVpg on the
deformed PET images of the A-C and $27-S16 and compared them with
the original PET images. The measurements were performed on the
PET/CT images for T/B ratios of 5, 10, and 15 with a slice thickness of
2 mm.

2.6. Target delineation by PET-AS methods using original and deformed
PET images (Experiment 2)

The validation of PET-AS methods in this study was performed on
fixed threshold values of SUV2.5 (SUV2.5), threshold of 40% of max-
imum SUV ., (SUV40%max), and the gradient-based (GB) method
using PET Edge by MIM [5,9]. The threshold values of segmentation
methods were determined to delineate 538 under the conditions of T/B
ratio 5 because the appropriate threshold value depended on the target
size and T/B ratio [6,26,27].

Fig. 4 shows the target delineation procedures generated by the
PET-AS methods using original PET and deformed PET images.

2.6.1. Target delineation using original PET images

The contours of $38 were generated by the PET-AS methods using
the original PET images and were then deformed to other inserts by
DIR. We assessed the delineation accuracy of all segmentations per-
formed by comparing these contours with the contour obtained for CT-
derived ground truth (CT_GT). The CT_GT was determined by drawing a
sphere of the same diameter as $38 and positioning it on associated CT
images to match the sphere wall. The contours of SUV2.5, SUV40%max,
GB, and CT_GT on the deformed CT images were defined as SUV2.5,,.,
SUV40%maxpre, GBpre, and CT_GTpr, respectively.

2.6.2, Target delineation using deformed PET images

The S38 on the deformed CT images applied to each insert were
contoured by the PET-AS methods using deformed PET images. The
delineated contours were defined as SUV2.5,45, SUV40%maxes, and
GBposts respectively. The volume differences in contours were calculated
for each PET-AS method as follows:
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Fig. 4. The procedures of target delineation generated by the PET-AS methods
using the original PET and deformed PET images. The red and green lines on the
original CT images are contour of the 38 generated by CT-based and a PET-AS
method (GB), and those on the deformed CT images are applying the DIR to
insert of A. The blue line on the deformed CT images is contour of the S38
generated by the GB using deformed PET images. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

(Aspnsl — AS prc)
Asprc

Volume difference(%) = X 100

m

where AS indicates the volume of contour generated by each PET-AS
method.

We performed target delineation on the PET/CT image with the
slice thickness of 2, 5, and 7 mm, and investigated the difference in
volume resulting from slice thickness.

Next, we compared the accuracy of target delineation between the
original and deformed PET images. The AS,. and ASp,, were compared
with CT_GTpy in terms of volume and geometrical overlap using the
dice similarity coefficient (DSC) [28]. The DSC is a spatial overlap index
that assigns values in the [0, 1] range with 0 corresponding to no
overlap and 1 corresponding to a complete overlap [29]. For each slice
thickness of PET/CT images, we calculated the mean value of DSC for
deformed inserts and compared them between AS;. and AS;.s. More-
over, we evaluated the concordance of DSC values between ASp,. and
ASpos using an Intra Class Correlation (ICC) test in each PET-AS
method.

2.7. Statistical analysis

We performed a series of experiments from PET/CT and planning
CT image acquisition to DIR four times independently on different days
for the evaluation of repeatability and indicated all values as mean =+

standard error (SE). Statistical analysis was performed using JMP® 13

(SAS Institute Inc., Cary, NC, USA). A Wilcoxon signed-rank test was
used to determine whether significant differences in DSC existed be-
tween ASp, and ASq for each slice thickness of PET/CT images. A P-
value of < 0.05 was considered significant for all statistical tests. We
tested the concordance of DSC values between ASp,. and AS;,, with a
two-way random model ICC with absolute agreement using the
Statistical Package for Social Sciences (SPSS, Ver. 22, SPSS Inc.,
Chicago, IL, USA).
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Fig. 5. Difference in SUVy,,y of the S38 be-
tween original PET and deformed PET
images applied to the inserts of (a-c) A-C
and (d-f) S27-S16 for T/B ratios of 5, 10,
and 15. The cross markers indicated the
measurement data, and the red open circle
indicated the mean value of four times, (For
interpretation of the references to colour in
this figure legend, the reader is referred to
i the web version of this article.)
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3. Results

3.1. Difference in SUVy,q,, between before and after DIR

Fig. 5 (a-c) shows the difference in SUV,,,, of S38 between the
original PET and deformed PET images of A-C. For T/B ratio of 5, the
means of absolute differences were —0.08 (range, —0.05 to —0.11),
—0.09 (range, —0.03 to —0.13), —0.11 (range, —0.05 to —0.18) for
deformation types of A, B, and C, respectively. The SUV ., of the de-
formed PET images slightly decreased from the original PET images for
all T/B ratios.

Fig. 5 (d-f) shows the difference in SUV,,x of S38 between the
original PET and deformed PET images of $27-516. For T/B ratio of 5,
the means of absolute differences were —0.08 (range, —0.05 to
—0.13), —0.13 (range, —0.08 to —0.17), —0.13 (range, —0.11 to
—0.15) for deformation types of $27, S20, and 516 respectively. When
538 was deformed to the S16, the SUV ., was stronger decreased for all
T/B ratios. The summarized data is presented in supplementary Table
51.

The voxel intensities in the deformed PET images were determined
by interpolation of the original PET intensities [30]. Thus, the SUV yax
of the deformed PET images was always lower than that of the original
PET images.

The fluctuations of SUV in the background regions were less than
0.01 for all T/B ratios, and changes in voxel intensities following DIR
application to the PET images were negligible.

3.2. Difference in contour volume between ASp,, and ASp

We compared the contour volumes between the two delineation
procedures. Fig. 6 shows the percentage difference in contour volumes
between ASp. and AS,.; for the deformation types of A-C.

For the SUV2.,5 and SUV40%max methods, the difference in contour
volumes between AS,.. and AS;.; was less than 5% in each slice
thickness of PET/CT images. The maximum volume difference (%) was
1.9% *= 0.9% in the SUV2.5 and 4.0% = 1.4% in the SUV40%max at
the deformation types of B and a PET/CT slice thickness of 7 mm. For
the GB method, the contour volume of AS,. was found to be larger
than that of ASp.. For the PET/CT slice thickness of 2 mm, the volume
differences (%) of A, B, and C were 6.6% * 1.0%, 9.6% = 0.8%, and
9.8% =+ 0.6%, respectively. The difference in contour volumes between
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ASpre and ASp, increased for the PET/CT slice thicknesses of 5 and
7 mm, which were found at the deformation type of B. The summarized
data is presented in supplementary Table S2.

Fig. 7 shows the percentage difference in contour volume between
ASpre and AS,os for the deformation types of §27-516.

For the SUV2.5 and SUV40%max methods, the contour volumes of
ASpose corresponded to the ASy.. in each slice thickness of PET/CT
images. The maximum volume difference was 1.8% *+ 0.8% in SUV2.5
and 5.0% 0.9% in SUV40%max at the deformation of S27 and a
slice thickness of 7 mm. The contour volume of GBy,, increased for the
deformation type of S20 and decreased for the deformation type of S16
compared with that of GBy. The summarized data is presented in
supplementary Table S3.

4

3.3. Accuracy of PET-AS methods using original PET and deformed PET
images

We evaluated the accuracy of target delineation by the PET-AS
methods using deformed PET images for each slice thickness of the
PET/CT images.

Fig. 8 shows the DSC values obtained from between the CT_GTp.
and the contours of AS;,. and AS;. for each slice thickness of PET/CT
image. For the SUV2.5 and SUV40%max methods, the DSC values were
not significantly different between the AS,. and AS,.. at a slice
thickness of 2 mm (P = 0.0521, P = 0.9561). For the GB method, the
DSC values of AS,, were 0.90 + 0.02, 0.88 *= 0.02, and
0.88 =+ 0.02 in the slice thicknesses of 2, 5, and 7 mm, respectively,
which were lower than those of AS.. (P < 0.001). The summarized
data is presented in supplementary Table S4.

Table 1 summarizes the ICC values obtained from the comparison of
DSC between AS. and AS.. in each PET-AS method. At a slice
thickness of 2 mm, the DSC values of the contours indicated the high
concordance between ASp.. and AS,.; when generated by the SUV2.5
and SUV40%max methods (ICC > 0.8), but lower concordance with
GB method (ICC = 0.17). Moreover, the ICC values were lower in as-
sociation with the slice thicknesses of PET/CT images in all methods.

4. Discussion

We evaluated the voxel intensities of the deformed PET images and
the accuracy and consistency of the PET-AS methods. The SUV,,.x was
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Fig. 6. Volume difference (%) in contour between AS .. and AS,,,; generated by the PET-AS methods of (a-c) SUV2.5, (d-f) SUVmax40%, and (g-i) GB for deformation
type of A-C. The horizontal axis indicates the slice thickness of PET/CT images. The cross markers indicated the measurement data, and the red open circle indicated
the mean value of four times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

slightly decreased after applying DIR to the PET images, and the de-
creased the SUV,., was found to be associated with the deformation
type.

We considered that the voxel intensities of the deformed PET images
were determined by the interpolation of the original PET intensities.
The PET voxel was mapped to a new position based on the DVF used on
CT-CT registration, resulting in new PET/CT images with deformed
registration with the planning CT [16]. Thus, the voxel size of the de-
formed PET images corresponded to the planning CT images. The
SUV .y is the highest intensity value in the original PET image, and
interpolation is a kind of “average” between nearby voxel intensities.
Consequently, the interpolated values will always be lower than the
original SUVyay. If the original PET insert is deformed to smaller vo-
lumes, the SUV,. was stronger decreased. Because of the reduced
number of voxels in the smaller inserts, fewer interpolated PET in-
tensities will be calculated, so the chance to obtain a high SUV ,a will
decrease. For background regions, the SUVyug of the deformed PET
images were not always lower than that of the original PET images.
However, the differences in SUVyg between the original PET and de-
formed PET images were negligible.

Although diagnostic PET/CT images can be fused to the planning CT
images by DIR, utilization of the deformed PET images has not yet been
clarified. Here, we compared the contours generated by the PET-AS
methods using the original and deformed PET images. We considered
that the intensity profile could be the cause for delineation volume
difference. The GB method was processed using denoising and deblur-
ring from intensity profiles of the PET images [11], and the points
where the gradient was the largest in magnitude corresponded to the
target contours [3]. Therefore, the difference in the contour volume was
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induced due to a slight distortion of the target border profiles. When the
target volume was decreased by DIR, the delineating volume was over
or underestimated for significant distortion of the target border.

When the slice thicknesses of the PET/CT images were 5 and 7 mm,
the contour of AS,,. was deformed to an irregular contour in the slice
direction by DIR. On the other hand, the contour of the AS,. was
delineated using deformed PET images with a slice thickness of 2 mm,
especially the contour of GB,.s was delineated around the GBy,. owing
to the distortion of profiles. Thus, the volume difference was associated
with the number of slices for delineating target shapes such as the de-
formation types of A and B.

We investigated the accuracy of PET-AS using the deformed PET
images by quantitatively comparing target volumes defined by auto
segmentation using the DSC.

For target delineation using the original PET image, threshold seg-
mentation methods such as SUV2.5 (absolute threshold) and SUV40%
max (percentage of maximum) are widely used for their simplicity and
ease [3-5]. The GB method is a robust segmentation technique for
different PET cameras and imaging conditions using image gradient
information [9,31], which is always in good agreement regardless of
the T/B ratio. Berthon et al. [26] reported that segmentation with fixed
thresholding methods and GB methods were in good agreement at a
higher T/B ratio (> 5). For target delineation using the deformed PET
image, the contours generated by the threshold segmentation methods
was close to the contour generated before DIR. The deformed PET
images were created using the DVF of CT-CT registration, and intensity
fluctuations of the PET voxels by DIR were negligible. Accordingly, the
appropriate threshold value for target delineation corresponded to that
before DIR regardless of the deformation type. In contrast, the contour
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with the GB method was delineated outside the CT_GT owing to dis-
tortion of the intensity profile, and the value of DSC was lower in as-
sociation with the slice thickness of PET/CT images. This study in-
dicated that the segmentation by GB should be performed on the
original PET images, and that contour deformed afterwards.

In previous studies exploring the use of diagnostic PET/CT images in
treatment planning, the PET-segmentation strategies have never been
clarified. Our results indicated that the GTV delineation using PET-AS
with deformed PET images affects tumor borders, depending on the
segmentation algorithm and slice thickness of PET/CT images. These
differences may result in increased risk to the adjacent organ at risk
(OAR) or decreased dose to the target. In particular, the contour gen-
erated by the GB method was strongly affected by the deformation of
PET images, which decreased the accuracy of GTV delineation.
Therefore, without information regarding the impact of DIR on PET
image, the difference in contour volume by the delineation procedure
will be missed.

Our study has some limitations. First, to clarify the relationship
between the target border on CT and SUV, we assumed that a target had
adequate volume and homogeneous activity using the phantom.
Namely, the fluctuations of PET intensities in the target and back-
ground regions were determined by PET noise. Thus, validation of auto-
segmentation in realistic clinical lesions where PET uptake is in-
homogeneous is needed for clinical use. Future work will focus on
noting the change in SUV on clinical images. Second, changes in the
SUV and the generated contour using the deformed PET images may be
dependent on the interpolator within the DIR software. The voxel in-
tensities on the deformed PET images were interpolated by an intrinsic
method in the MIM maestro. Thus, the SUV ., in the target after DIR
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might have different intensity values and, depending on the inter-
polation methods, the voxel intensities of the tumor border might be
different values. Third, this study assumed the tumor was unaffected by
the respiratory motion and was designed to focus on the change in SUV
by DIR using the static phantoms. For lung and liver tumors, the volume
defined by PET-segmentation represents the internal target volume
because the PET images are blurred by the respiratory motion [32].
Hence, we propose that applying DIR to the PET images with re-
spiratory motion should be investigated in further independent studies.
Fourth, the accuracy of target delineation is mostly dependent on CT-CT
registration. The anatomical correspondence of the tumor and organ at
risk is necessary between planning CT and CT components of the PET/
CT after DIR [23]. Hence, careful review of the delineated tumor is
mandatory [24]. Fifth, PET-based target delineation must consider the
possible misalignment between the CT and PET images [33]; moreover,
GTV delineation using thick PET images may include more than the
metabolically active part of the tumor caused by the partial volume
effect [34].

5. Conclusions

We evaluated the accuracy and consistency of the PET-AS methods
using deformed PET images. The SUV fluctuations of PET images by
DIR were negligible. The threshold segmentation methods using the
SUVoax and the background intensities might be used in the target
delineation of the deformed PET images, while the GB methods using
image gradient information should be carefully considered owing to
distortion of intensity profiles. In particular, the slices of diagnostic
PET/CT images were thicker than those of the planning CT images in
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Fig. 8. DSC values obtained from the contour of AS,.. and AS,, generated by the PET-AS methods of (a) SUV2.5, (b) SUVmMax40%, and (c) GB for each slice
thickness of PET/CT image. The corresponding DSC values of AS. (left point) and AS,q (right point) were connected using a line.

Table 1

ICC values and corresponding 95% confidence intervals of the DSC values between AS,.. and AS;, in each PET-AS method.

PET-AS method Slice thickness of PET/CT (mm)

5 7

2
SUV2.5 0.80 (0.51 to 0.91)
SUV40%max 0.87 (0.73 to 0.94)
GB 0.17 (—0.08 to 0.51)

0.81 (0.31 to 0.93)
0.65 (0.05 to 0.87)
0.07 (—0.09 to 0.31)

0.69 (—0.70 to 0.92)
0.49 (—0.87 to 0.82)
0.02 (—=0.05 to 0.15)

most cases. Thus, the segmentation by the GB method using the de-
formed PET images decreased the accuracy of GTV delineation and may
be the cause of increased risk to the OAR or decreased dose to the
target.
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